a Carbon monoxide dehydrogenase (CODH) is a key enzyme for reversible CO interconversion. To elucidate structural and mechanistic details of CO binding at the CODH active site (C-cluster), cyanide is frequently used as an iso-electronic substitute and inhibitor. However, previous studies revealed conflicting results on the structure of the cyanide-bound complex and the mechanism of cyanide-inhibition. To address this issue in this work, we have employed IR spectroscopy, crystallography, site directed mutagenesis, and theoretical methods to analyse the cyanide complex of the CODH from Carboxydothermus hydrogenoformans (CODHII Ch ). IR spectroscopy demonstrates that a single cyanide binds to the Ni ion.
Introduction
The O 2 -sensitive [Ni-Fe] carbon monoxide dehydrogenase (CODH) is a homodimeric enzyme responsible for the biological interconversion between CO and CO 2 according to the reaction: CO + H 2 O 4 CO 2 + 2H + + 2e À . CODHs play crucial roles in various metabolic pathways, including the Wood-Ljungdahl pathway that allows anaerobic microorganisms, such as acetogenic rmicutes Moorella thermoacetica (Mt) and hydrogenogenic rmicutes Carboxydothermus hydrogenoformans (Ch) to grow on H 2 and CO 2 as electron and carbon source, or to oxidise CO using it as a source of electrons.
1
The CODH hosts a unique [NiFe 4 S 4 OHx] cluster, called C-cluster, which efficiently catalyses the reversible CO oxidation reaction.
2 Briey, the C-cluster resembles a classical cubane shape [4Fe-4S] from which one Fe is pulled out and le to dangle. The dangling Fe, so called Fe 1 , presumably binds a hydroxyl ligand while the vacant Fe position has been lled by a Ni atom. The C-cluster adopts at least two different oxidation states during catalysis. The C red1 redox state is able to bind CO while C red2 , obtained by a further, two-electron reduction, specically targets CO 2 . The midpoint potential of the C red1 / C red2 couple (À530 mV vs. SHE) almost matches the midpoint potential of the substrates (E 0 CO/CO 2 ¼ À558 mV, pH 7). Moreover, turnover frequencies up to 40 000 s À1 and Michaelis constants of $20 mM have been reported for CO oxidation by two CODHs from thermophilic bacteria Ch, whereas the corresponding values for CO 2 reduction by the CODH of Rhodospirillum rubrum were found to be ca. 45 s À1 and 200 mM, respectively.
4,5
Important information about the catalytic cycle was obtained by X-ray crystallography. 2, [6] [7] [8] Particularly, the recent atomic-resolution structures of CODHII Ch (d min # 1.1Å) provided insight into the binding and activation of CO 2 (and its inhibitory counterpart NCO).
9 Notably, both CO 2 and NCO had undergone a two-electrons reduction step and the respective products were stabilised via p-backbonding. Such a detailed picture is yet not available for CO binding to the C-cluster, although structural analysis pointed to a bent geometry of CO (or formyl) bound to the terminal Ni in the CODH-CO complex of Methanosarcina barkeri. 10 This nding was consistent with the view that a bent Ni-CO geometry would lower the energetic activation barrier for CO oxidation. In a complementary crystallographic study, cyanide (CN À ), a structural analogue of CO and inhibitor of CODH, was found to possess a similar bent conformation. 7 Recently, however, an independent re-evaluation of the electron density maps of these two structures (resolution $ 2Å) did not provide clear evidence for the orientation of the CO or the CN À ligand. 11 In addition, another crystal structure presenting a different binding mode of CN À has been reported for CODHII Ch 8 ( Fig. 1 ). In principle, spectroscopic techniques such as IR spectroscopy may contribute to rationalise these partially conicting results. In particular, IR spectroscopy is an ideal tool since it probes the C^N stretching mode in a spectral region free of any interfering bands of the protein. However, the results reported in previous IR spectroscopic studies on Clostridium thermoaceticum CODH (CODH Ct ) revealed multiple signals in the C^N stretching region 12, 13 that cannot readily be reconciled with the current structural data. In this work, we have therefore set up an integral approach including IR spectroscopic, crystallographic, site directed mutagenesis and theoretical analysis. Spectroscopic measurements were carried out with the wild-type and engineered CODHII Ch variant to assess the parameters that control the C^N stretching frequency. This analysis served as a reference for the quantum-mechanical/molecular mechanics (QM/MM) calculations which were performed on the basis of new high-resolution crystal structures to elucidate details of the active site structure of the CODHII Ch -CN complex.
Materials and methods

Sample preparation
Buffers and reagents were anoxically prepared in a glovebox. Inhibition procedures described below were performed under the same anoxic conditions. In addition to the inherent safety risks while handling cyanide, it is worth noticing that controlling precisely cyanide concentration is not straightforward, especially when using buffer in the physiological relevant range, i.e. pH 7-8, as the pK a value for HCN is 9.21. Therefore, the band position of the C^N stretching mode ranges from 2080 cm À1 (aqueous CN À ) to 2093 cm À1 (dissolved HCN), when the pH is decreased below the pK a . This is the pH range, where the enzyme exhibits its highest activity. Thus, the absolute concentration effect of CN À has to be estimated with caution.
Protein expression and purication were performed as described earlier.
2 Protocol A: 6 mL of CODHII Ch 400 mM were diluted in 500 mL of buffer A (Tris-HCl 50 mM pH 8, NaCl 100 mM) containing either dithionite (DT) 4 mM or titanium citrate (Ti(III) citrate) 5 mM and incubated for 45 min. Cyanide (1 mM) was added to the sample and allowed to react with CODHII Ch for 30 min under gentle stirring. The CODHII Ch sample was subsequently washed several times using Microcon® Centrifugal Filters (cut-off 100 kDa) with buffer A and reductant in order to remove excess cyanide and nally concentrated to 10 mL prior to injection into the transmission cell. Protocol B: 6 mL of CODHII Ch 400 mM were added to 6 mL of an inhibition mixture containing cyanide (ranging from 2 to 20 mM) and DT (4 mM) in buffer A. Finally, 10-12 mL of the inhibited CODHII Ch sample, which was prepared according to procedures described above, was injected into a gas-tight transmission cell. Protocol C: crystals of CODHII Ch were incubated in buffer A 0 (25% PEG3350, 50 mM Tris-HCl pH 8.0 and 5 mM Ti(III) citrate or DT 4 mM). Crystals were then transferred into a buffer B solution (25% PEG3350, 50 mM Tris-HCl pH 8.0, 7 mM DTT), and 0.5 mM of oxidised methyl viologen (MV ox ) as electron acceptor for reoxidation. Aer no further reduction of MV ox to the blue colored reduced methyl viologen (MV red ) was detectable, the crystals were incubated in buffer B solution containing 7 mM DTT for 2 h. Finally, crystals were transferred into a buffer B solution containing 5 mM KCN and loaded into the transmission cell.
Enzymatic assays
Inhibited aliquots of CODHII Ch were reactivated under CO atmosphere at 70 C for 30 min. Then the CO oxidation activity was assayed as described before. Fourier transform infrared spectroscopy FTIR spectra were recorded on a Bruker Tensor 27 spectrometer equipped with a liquid nitrogen-cooled MCT detector applying a spectral resolution of 2 cm À1 . The sample compartment was purged with dried air, and the sample was held in a temperature-controlled (10 C) gas-tight IR-cell for liquid samples (volume $ 10 mL, path length ¼ 50 mm) with CaF 2 windows. Spectra were base-line corrected by using the OPUS soware from Bruker.
Crystallization and manipulation of crystals CODHII Ch crystals and the À320 mV state were produced as described earlier. 2, 8 Crystals in the À320 mV state were incubated with 70 mM KCN for 30 min. CN À -soaked crystals were shock-frozen in liquid nitrogen, generating the À320 mV CODHII Ch -CN state, with 15% (v/v) 2R,3R-butanediol (Sigma) serving as cryoprotectant.
Data collection, structure solution and renement Diffraction data were collected at 100 K at a wavelength of 0.9184Å at BESSY II (Berlin, Germany).
14 The synchrotron data set was integrated and scaled using XDSAPP. 15 Data statistics are reported in Table S1 (see ESI †). Initial rigid body renement was used to solve phasing, followed by a simulated annealing renement to minimise model bias using PHENIX. 16 Models were built and rened with COOT. 17 Positional and temperature factor renements were carried out using Refmac5. 18, 19 New parameters for the C-cluster were generated by iterative cycles of renement using Refmac5. Individual occupancies of atoms from the C-cluster were adjusted until comparable B factors of atoms were obtained. In the nal renement cycles the B factors were rened anisotropically and alternative conformations of several side chains and Fe 1 were included. The nal renement statistics are shown in Table S1 of ESI. † The atomic coordinates have been deposited in the Protein Data Bank, http:// www.pdb.org (PDB ID 5FLE).
Theoretical methods
The eight structural models listed in Table 2 , were built starting from two crystal structures of the CODHII Ch in the À320 mV state. The rst one, with pdb 5FLE, represents the CN À bound state rened in this work, while the second structure is inhibitor free (pdb 3B53). In the latter, a starting geometry for the CN À bound state was generated by attaching a CN À ligand to the Ni atom. The protein was solvated in an explicit TIP3P water box of dimension 130 Â 130 Â 130Å 3 . Hydrogens were inserted and protonable side chains were set to their standard states at pH 7. Protonation states of some specic residues, e.g. those in the vicinity of the C-cluster or involved in suggested proton transfer pathways, required special attention based on chemical sense and visual inspection. 20 Although the His93 was doubly protonated on N d and on N 3 , further investigation was required to test different protonation states of this residue together with Lys563, since they are interacting via hydrogen bonds with the non-proteic ligands at the active site. First, 20 000 steps of energy minimization were performed using NAMD 21 with the CHARMM22 force eld. 22 Hydrogen positions and orientation of water molecules were optimised. Heavy atoms were kept xed to their initial positions, in order to obtain a good starting point for the subsequent geometry optimization and, at the same time, to remain as close as possible to the crystal structure conformation. Due to the lack of specic force eld parameters, the ve metal clusters (three standard [4Fe-4S] and two [NiFe 3 S 4 -Fe]) were initially kept xed during the energy minimization steps. Charges for the metal clusters were computed with DFT methods while van der Waals parameters were taken from values reported for similar systems in the literature. 23 The structure resulting from the last minimization step was then rened through hybrid QM/MM calculations, performed within the ChemShell environment. 24 The program interfaces to a variety of QM and MM codes. In our work, Turbomole was chosen as the quantum chemical program while the MM uses DL_POLY with CHARMM22 force eld. The system was divided in three layers, each of which was treated at a different level of theory and accuracy. The QM part consists of (1) the [NiFe 3 S 4 ] Ccluster and the iron Fe 1 ; (2) Cys295, Cys333, Cys446, Cys476 and Cys526, which coordinate the Fe atoms of the cluster; (3) His261, which is interacting with Fe 1 ; (4) all the other nonproteic ligands that includes cyanide on Ni in different positions and hydroxyl on Fe 1 in some of the models; (5) His93, Lys563 interacting directly with the non-proteic ligands, Gln332 interacting via hydrogen bonds with Lys563 and Ile567 whose role is important regarding the steric hindrance exerted on the cyanide ligand. DFT was employed in the optimization of the QM part, applying the pure density functional BP86 combined with the resolution-of-the-identity ('RI') technique. 25 The def2-TZVP basis set was used for metals (Ni and Fe), while the 6-31G* basis set was employed for all other atoms of the QM part. This combination of a high quality basis set and BP86 functional is able to give both accurate molecular structures and harmonic vibrational frequencies, due to an error compensation that allows direct comparison of calculated harmonic frequencies with experimental ones. 26 The second layer was made up of protein residues and water molecules included in a sphere of 15 A around the Ni atom of the C-cluster in monomer A. All the atoms in this section were treated in an explicit manner at the MM level and allowed to move during the optimization cycles. For this purpose the HDLC optimiser was employed. 27 The third layer includes the remaining atoms not included in the previous two. This layer was held xed during the QM/MM geometry optimization. Covalent bonds at the QM/MM border were cut and saturated by hydrogen link atoms. The coupling between QM and MM was computed using electrostatic embedding with a charge-shi scheme. 24 Once optimised, the structures were analysed and compared with the crystal structure. The latter was based on some fundamental geometrical parameters such as bond lengths and bond angles. In addition, a tilt angle was dened as the angle between a unit vector with origin in the center of the plane formed by Ni-S-Fe 4 -S and a unit vector directed along the Ni-CN bond axis.
Finally the vibrational frequencies of the quantum mechanical part in the optimised conformation were computed in the presence of the point charges of the surrounding atoms of the second and third layers. For this purpose the Gaussian09 program was used with the same DFT functional and basis set employed during the optimization. (Fig. 2C ).
Next, we studied the CODHII Ch -CN complex in the crystalline state which was prepared following the same protocol as used for crystallographic analysis. Several of these crystals were loaded into an IR transmission cell ( Fig. 2B and D) . The IR spectra obtained in this way revealed a band at 2110 cm À1 that shis down by 45 cm À1 to 2065 cm À1 when crystals were incubated with 13 CN À . Thus, the frequency (and isotopic shi) of the Ni-bound cyanide of the crystalline complex is the same as for the sample in solution.
Reversibility of CN À binding
In order to prove the reversibility of the inhibition process, 32 we prepared a batch of inhibited CODHII Ch that we used in parallel for enzymatic activity assay and IR spectroscopy. A classical enzymatic assay for CO oxidation by CODHII Ch based on reduction of methyl viologen was performed to evaluate the initial enzymatic activity (see Materials and methods). Subsequently, the enzyme was inhibited following protocol A, and aerwards a new enzymatic assay for CO oxidation was performed. The inhibited protein exhibited not more than 5% of the initial CO oxidation activity (Fig. 3) . In parallel, the corresponding enzyme was also loaded into a transmission cell for IR measurement and revealed the characteristic C^N stretching band at 2110 cm À1 (Fig. 3 inset) . Finally, the enzyme was reactivated at 70 C under a CO atmosphere for 30 min and tested for CO oxidation aerwards. More than 60% of CO oxidation was recovered thereby proving a high reversibility of the CN À binding (Fig. 3) 8 the presence of two extra bands is surprising. Moreover, these two features appear with a very slow rising time ($5 h) (Fig. 5) . In contrast, formation kinetics of the cofactor-cyanide adduct according to protocol A (removal of excess cyanide) and reected by the 2110 cm À1 band is not resolved on the time scale of these experiments and, hence, must occur on the minute time scale or faster (<30 min), (Fig. 5) .
Even though CN À has been described as a slow reversible inhibitor, CODHII Ch is fully inhibited in less than one minute at 70 C with 1 mM KCN under turnover conditions and in less than 80 min at 23 C with 0.1 mM KCN under non-turnover conditions, as described in a previous study. 32 Furthermore, CN À is known to have a high affinity towards metal ions including Fe and Ni which are the main components of the Ccluster, therefore, we suspected that prolonged exposure of CODHII Ch to CN À might lead to the formation of various cyanometallic complexes. Therefore, we performed control experiments in order to verify the possible CN À induced degradation of the metal clusters due to prolonged exposure of CODHII Ch to CN À .
The corresponding IR spectra were measured under the same experimental conditions as used for CODHII Ch inhibition studies (Fig. 6) (Table 1) .
Parameters controlling the C^N stretching mode
It was suggested previously that, depending on the concentration, cyanide may bind in different modes to the C-cluster. 36 IR experiments were, therefore, carried out using different CN À / CODHII Ch molar ratios from large excess (1000/1) to substoichiometric (1/2) amounts. These experiments did not reveal any additional band nor any frequency shis of the only observed band at 2110 cm À1 (data not shown). Furthermore, another, alternative binding mode was proposed to involve a hydroxyl ligand on the dangling Fe 1 , 1,36,37 which should be sensitive to the local proton concentration. Thus, cyanide inhibition was studied as a function of the pH.
Whereas the C^N frequency at 2110 cm À1 remained unaffected in the pH range from 6 to 10, the related band intensities displayed a bell-like shape with a maximum at pH 8 ( Fig. 7) . Again, these ndings argue against any pH-dependent changes of ligand binding at the C-cluster. Instead, the intensity changes most likely reect pH-dependent alterations of the active site accessibility for CN À . There are also no qualitative changes of cyanide binding depending on the temperature.
The C^N stretching frequency and the band intensity decrease only slightly (by 2.0 cm À1 and $30%, respectively) upon raising the temperature from 10 to 60 C (Fig. 8) .
Conversely, in the frozen state (100 K) the frequency is increased by only 5 cm À1 . These spectral variations can be rationalised in terms of subtle conformational changes of the protein in the Fig. 3 Plot representing the percentage of CO oxidation activity by CODHII Ch before inhibition (blue column), after inhibition (red column) and after reactivation (light blue column). Inset: IR spectra of the inhibited CODHII Ch before and after reactivation. vicinity of the C-cluster. Consistent with this explanation is the observation that the temperature-dependent changes are fully reversible, underpinning the remarkable stability of the CODHII Ch -CN adduct.
Environmental effects on the C^N stretching mode
According to X-ray data, Ni-bound cyanide is in close vicinity to His93 and Lys563 which may interact with the cyanide-bound metal center. We therefore extended the studies to the CODHII Ch variant with alanine substitution at the corresponding position. Addition of cyanide to the Lys563A variant displayed a wild-type like IR spectrum since the n(C^N) undergoes a downshi from 2110 to 2102 cm À1 .
Crystal structures of CN À -inhibited CODHII Ch
We have determined a new crystal structure of CN À bound CODHII Ch (pdb 5FLE) at a resolution of 1.23Å. As expected, the 2009 structure (pdb 3I39, d min ¼ 1.35Å) and the new CODHII Ch -CN structure are nearly identical with a rmsd for core Ca atoms of 0.14Å. The main difference between the two structures is the degree of multiple conformations. While the 2009 structure revealed dual conformations for residues starting from the Fe 1 -coordinating His261 down to residue 266 as well as residues in their vicinity, the electron density of these parts agree now with only a single conformation, indicating a more homogenously CN À bound state.
QM/MM calculations
Two different experimentally determined structures served as starting points for the QM/MM calculations. First, we used the crystal structure of the CODHII Ch -CN inhibited state determined in this work (pdb 5FLE). Geometry optimization did not affect the main structural parameters of the C-cluster and residues surrounding the CN À ligand except for Ni-C(CN) bond length, which was predicted to be shorter by 0.11Å compared to the experimental value (Table 2) . A comparably short Ni-C bond length was also reported in a previous QM/MM study by Amara et al. 11 and recently observed in CO 2 and NCO bound structures.
9 Also in the previous CODHII Ch -CN structure, solved at lower resolution (1.35Å), a shorter bond length was determined, 8 in line with the results of an earlier EXAFS study. 32 In agreement with the experimental structure, the calculations predict the Ni atom in a square-planar geometry with a tilt angle of 6.40 of the CN À ligand (see Materials and methods, section QM/MM for tilt angle denition). In this conguration, the CN À ligand is in hydrogen bonding distance to the side chains of His93 (2.72Å) and Lys563 (2.98Å). Second, calculations were carried out starting with the CODHII Ch structure of the À320 mV reduced state (pdb 3B53) to which we added a CN À ligand in silico (CODHII Ch -C red1 -CN).
Prior to optimization, we have removed the water molecule in the vicinity of the CN À binding site to keep in line with the experimental structure of CODHII Ch -CN. Between both optimised structures a very good agreement was obtained with respect to the geometries of the C-cluster and CN À environment (Table 2) . Also for the optimised CODHII Ch -C red1 -CN structure a small tilt angle (3.03Å) for the CN À ligand and similar distances to His93 (2.74Å) and Lys563 (2.88Å) were obtained. The C^N stretching frequencies were calculated to be 2074 and 2058 cm À1 for CODHII Ch -CN and CODHII Ch -C red1 -CN, respectively. They are both signicantly lower than the experimental value of 2110 cm À1 .
As postulated previously, 7,36 CN À may initially bind to complete a distorted tetrahedral coordination geometry at the Ni. Thus, an alternative geometry optimization was started by setting the initial tilt angle to 60.71 . In fact, the subsequent energy minimization afforded different minima for both CODHII Ch -CN (CODHII Ch -CN/tilt) and CODHII Ch -C red1 -CN (CODHII Ch -C red1 -CN/tilt) with somewhat higher tilt angles of $18 . In these congurations, the nitrogen-to-nitrogen distance of the CN À ligand to Lys563 is signicantly increased to 3.8-3.9
A, whereas that to His93 is nearly unchanged. The corresponding calculated stretching frequencies are now much closer to the experimental value ( ). In addition to the hydrogen bond formed with the N 3 of His93, the hydroxyl ligand also provides an extra hydrogen bond to the CN À molecule thereby contributing to a signicant decrease of the stretching frequency down to 2054 cm À1 (Table 2) .
Whereas in all geometries, His93 remains in H-bond distance, the tilt angle geometry seems to depend on the interactions of the CN À ligand with Lys593. To assess the role of Lys593, we have generated the CODHII Ch -CN/K563A structure in silico, starting from that of the wild-type protein complex (pdb 5FLE). Optimization leads to a tilt angle of ca. 24 and the (Table 2) . Additional information about the potential interactions of Lys593 with the cyanide ligand was provided by the optimised CODHII Ch -CN (wild-type) structure including a deprotonated Lys593 side chain. Also in this case, calculated (2109 cm À1 ) and experimental (2110 cm À1 ) C^N stretching frequencies nearly coincide ( Table 2) .
Discussion
Cyanide-inhibition of Ni-dependent CODHs has been investigated for many years using a variety of experimental approaches. The analysis of the CODH-CN complex is thought to contribute to a better understanding of the catalytic mechanism but the previous studies did not yet provide a consistent view about the structure of the cyanide-bound active site and its degradation pathway.
The cyanide binding site
Early IR spectroscopic studies revealed two different C^N stretching modes that, due to their dependence on the cyanide concentration, were interpreted in terms of different modes of cyanide binding. Although the previously proposed bridging position between Fe 1 and Ni has been meanwhile discarded, the view of two different binding geometries was re-animated on the background of slightly different active geometries derived from X-ray crystallography. 7, 8 In an attempt to reconcile crystallographic 7, 8 and spectroscopic data (ENDOR, Mössbauer),
38,39
a two-step inhibition mechanism was proposed. 36 In the rst step, CN À was suggested to bind reversibly to Ni in a distorted tetrahedral geometry of the coordinated Ni ion as suggested by the crystal structure of CODH Mt . This step may be similar to CO binding whereas in the second step, the release of an OH À ligand of Fe 1 , previously suggested to bind to C red1 , 38 is followed by a slow reorganization of the cofactor that allows CN À to bind more tightly to the C-cluster. This is thought to be reected by the square-planar coordination geometry of Ni observed in CODHII Ch . The different CN À concentrations used for inhibition of both the CODHII Ch and CODH Mt crystals in soaking solutions were suggested to be the origin of these two binding modes.
In As already shown in previous studies on hydrogenases, the stretching frequency of the metal-bound cyanide ligand depends sensitively on the geometry of the cofactor, its electronic conguration, as well as on the electrostatics in the binding pocket, including hydrogen bonding interactions.
40,41
To assess the importance of these parameters and to relate the observed frequency with the crystallographic data, we have employed QM/MM calculations. Starting with the coordinates of the high-resolution structural model determined in this work, the QM/MM-optimised cofactor structure displays a very good agreement, but the corresponding C^N stretching frequency is distinctly underestimated by 36 cm À1 . This deviation is much larger than the inherent inaccuracy of the theoretical approach (Table S2 of ESI †). In contrast, a good frequency match was obtained for the optimised structure of the Lys563A variant in which the positively charged side chain in the vicinity of the cyanide ligand is removed. Furthermore, the optimised geometry of the C-cluster displays a large tilt angle (ca. 24 ) which is also obtained upon optimizing the highresolution wild-type structure but using a deprotonated Lys563.
Here the increase of the tilt angle is accompanied by an increased nitrogen-nitrogen distance of the cyanide ligand to the Lys563 from 3 to 4Å, suggesting a substantial weakening of the (electrostatic) interactions with the cyanide ligand. Also in this case, the calculated frequency agrees very well with the experimental value. The same large nitrogen-nitrogen distance but a somewhat smaller tilt angle is obtained for the wild-type protein upon raising the initial value for the tilt angle prior to optimization. Again, an excellent agreement with the experimental C^N stretching frequency was obtained. In all optimised structures, the N 3 atom of His93 remains at a distance of 2.7Å which, together with the nearly linear (Ni)CN-H-N 3 (His93) geometry, points to strong hydrogen bonding interactions. Conversely, the comparison of calculated and experimental C^N stretching frequencies indicates that the interactions between the cyanide ligand and Lys563 must be weak, corresponding to a relatively large nitrogen-to-nitrogen distance (4Å). Such weak interactions point to a deprotonated side chain of Lys563. The potential proton acceptor is readily identied as the hydroxyl ligand of Fe 1 which is released upon cyanide binding to the Ni. Furthermore, the time-independent frequency and intensity of the C^N stretching indicates that Lys563 remains deprotonated over the time scale of hours, implying that the active site of the cyanide-bound C red1 state is not accessible for protons from the solution side via the proton channel identied in CODH Mt .
20
It might be that structural changes along the proton channel in the cyanide-bound complex may impair reprotonation of Lys563. However, the present structure of the cyanide-complex does not permit an unambiguous conclusion (vide infra). As an alternative interpretation, one may invoke a redox-state dependent proton transfer. This view is consistent with the high turnover number for CO oxidation at the C red1 state which requires a rapid and unidirectional proton translocation from the C-cluster to the solution. The reverse proton translocation occurs during enzymatic CO 2 reduction which, in turn, is based on the C red2 state. Accordingly, the oxidation state of the Ccluster controls the directionality of the proton transfer such that reprotonation of Lys563 is inhibited in the cyanide complex of C red1 .
A deprotonated Lys563, however, is not consistent with the present high-resolution structure of the CODHII Ch -CN complex which displays a distance of only 3Å, concomitant to a smaller tilt angle, and thus points to appreciable Lys563-cyanide interactions. Whereas X-ray crystallography reects the protein including a protonated side chain, the IR spectra that are identical in the crystalline state at low temperature and in solution at ambient temperature indicate a deprotonated Lys563 residue. To reconcile these ndings, we suggest that, during accumulation of the diffraction data, radiation damage at the C-cluster may cause generation of a hydroxyl radical from a water molecule in the vicinity of Lys563, which is associated with a distinctly lower pK a of ca. 11.
42 As a consequence, protonation of the Lys side chain could occur.
Conclusions
In the present study we have unambiguously identied the C^N stretching mode of the cyanide bound complex of CODHII Ch , conrming that a single cyanide is bound to the Ni ion. Additional IR bands observed in previous investigations could be attributed to free cyanide or to degradation productions of the C-cluster. This complete cyanide-induced degradation of the Fe-Ni center only occurs in the presence of an excess of cyanide. In the absence of excess cyanide, the CODHII Ch -CN complex is stable for hours at ambient temperature and enzymatic activity towards CO oxidation can even be recovered at elevated temperature. On the basis of QM/MM calculations the CODHII Ch -CN complex, cyanide binding to the Ni occurs upon release of the hydroxyl ligand from the Fe 1 . The hydroxyl ligand captures a proton from the side chain of Lys563. On the other hand, the present crystallographic data point to a protonated Lys563, which is not compatible with the IR spectroscopic data obtained from CODHII Ch -CN crystals. This discrepancy is suggested to be due to reprotonation of Lys563 via a water radical, generated in situ upon X-ray irradiation. The IR spectroscopic data, however, indicate that in the cyanide complex Lys563 remains deprotonated for hours. This nding prompted us to suggest a redox-state dependent directionality of proton translocation through the proton channel connecting the solution phase with the active site. This interpretation is consistent with the enzymatic processes that require proton release from and proton uptake by the active site in the C red1 state (CO oxidation) and C red2 state (CO 2 reduction), respectively.
The present results and the proposed interpretations demand for further experimental and theoretical investigations of the proton translocation mechanisms and the protonation pattern of the different active site states during the enzymatic reaction sequences.
